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INTRODUCTION

The establishment of a hydraulic barrier to prevent sea water intru-

sion is dependent upon Eaintaining the flow of water into the rrells

along the saline front. In the study of problen;3 vmich night be associated

ivith recharging of the aquifer the conpatibillty of the injection vrater and

the permeability of the formation over a long period of tine are important

fc.ctorso It nay prove beneficial to treat the water continuously or inter-

rdttently to maintain the performance.

In the cosstal cone of the Tfest Basin in Los AngeleSj the los /ingelsc

Courity Flood Control District, TTith State TTater Resources Board and District

funds, are conducting experimental operations to prevent the infiltr'tion

of sea TTster, -'''etropolitan ITater District v/ater from the Colorado River

is used as a supply during the experL-aent, The injection of fresh ~2;ter

into the closed Silverado formation in quantities v/nich vrill push bask or

maintain the sea -.vater requires injection wells spaced closely enough to-

gether so that the pressure mounds built up around adjacent Tells ^Till o"or-

lap. If this can be done, the barrier formed v-dll be continuous, and r.i.11

have a good chance of preventing salt v:ater intrusion.

This barrier v-dll be effective as long as the inflo-n' is sufficient

to maintain a continuous seaward hydraulic gradient. It is important to

prevent pGnneability decreases in the formation close to the well casing

after injection is started so that the extent of the mound around each

v.'ell vd.ll not be decreasedo

The purpose of the study v;a3 to determine whether Iii»D water was coni-

patible vdth the v/ater in the formation in the Manhattan Beach vrell field

and to see -r-hat changes in permeability take place after a long period of

percolation. The effect upon permeability of treating the injection v.-- cer

..•ac also studied.



V/ELL FIELD

Though the work covered in this report was done in the Engineering

laboratory on the Los Angeles Campus of the University of California,

there is a direct connection vdth the field work being done at L^anhattan

Beach. Inasmuch as the core samples used came from these v.-ells, a de-

scription of the v.-ell field is given,

A map of the well field is shov/n in Figure 1. The recharge v^ells

lie betv.-een Manliattan Beach Blvd. in .'Manhattan Beach and Gould Lane In

Hermosa Beach, a distance of about one mile parallel to the shore. Ten

12-inch injection vrells have been sunJc along the Santa Fe railv.-ay right-

of-way parallel to and about ?,000 feet from the shore line. These v.'ells

are designated by letters ranging from C to K, v.-ith C being the most nor-

therly. Eight of these are currently' being used for injection. Thirty-six

8-inch observation wells are spaced at intervals a-.vay from the injection

wells on both the seaward and landivard sides, and are designated by numbers

which increase Tdth the distance from the recharge vrell. Odd numbers are

seavrard from the injection line while the even nimibers are inland. The area

covered by observation wells is fron the injection line seav/ard 2,000 feet

to the ocean and landv^ard about 3,5>0O feet. Seventeen 2-inch observation

wells were drilled along the line. Some previously existing wells farther

inlsnd are also shown on Figure 1, Four l^-inch observation wells have re-

cently been drilled along the line and are not included in Figure 1,

During v/ell drilling, samples of the Silverado formation v/ere collected

and brouglit to the Laboratory for studyj samples of the water from the

formation v/ere also collected for analysis, "Undisturbed core" samples

were obtained during the drilling operations with a sampling tube v/hich

produced a specimen about 2-3/8 inches in diameter and 6 inches long. Core

samples were taken from the zone most likely to be used for injection



and were selected by a field Reologist as the wells were being drilled. Bulk

samples of the sand and gravel from the forma i.lon were also obtained directly

from the bailer while drilling was in progress. Tests In the field on water

from wells numbered E>-U and I-l showed no dissolved oxygen and corbon-dioxlds,

indicating an anaerobic environment in the aquifer, (See Table l),

WATER SUPPLY

The initial water to be used for injection at Manhattan Beach is

Metropolitan ^Tater District (IT/D) water from the Colorado River ivhich has

been treated at t '- Lime and/or Zeolite Softening and Filtration Plant lo-

cated at LaVerne, California, Follo^ving treatment this water passes through

about fifty miles of concrete and steel transmission lines before it reaches

the site for injection. To make the laboratory tests comparable to the

present field activity, water for laboratory tests was secured from the MT©

distribution line at the Bundy Street plant in Santa Monica. From here this

water vfas transported to the University by truck in a galvanized steel tank.

The treatment process used at the LaVerne Plant is now predominanoly zeolite

but on some occasions lime and/or alum are added to remove turbidity. During

the course of these tests lime and alum treatment has been used for periods

of short duration and not sufficient in amount to change appreciably the

quality of the water. In addition to softening, the water is chlorinated

Tflth approximately three parts per million of chlorine which gives a

residual of about 0.?5 ppm at the end of the ten-foot diameter distribution

line in Eagle Rock, Dissolved oxygen measured at the point of delivery

In Santa Uonica has been found to be normally ^vithln 1 ppn of the saturation

value corresDonding to the water temperature.



LABORATORY FACILITIES

TiJelve penTieametcrs of the design shovm in Figiire 2 vrere set up in

the laboratory. They were connected, as shovm in Figure }, in four groups

of four. Group I was supplied with l-WD water. Group II was supplied v;ith

iWD water but with chlorine added. The intention >;as to maintain a resid-

ual of about S PP'"^ CI2, but due to the difficulty of metering the exceed-

ingly small flovs involved, the residual concentration varied from to hO,

iid-th the usual value being around 5 ppm. Group III was likewise supplied

with Ml'.'D water, but with hydrochloric acid added. The intention v:as to

maintain the pH at $.5 (the M'JD water has a pH of about 8.2 to 8.3), but

difficulties similar to those encountered with the chlorine system led to

fluctuations between 8.5 and 3-5, with most values being betvjeen S.O and 6.0.

After the first run of about I6OO hours the cores in Group II v.'ere removed

and Group IV was installed which was run with filtered-deaerated water.

Also after the first run. Group I was run with untreated water and later with

acid plus chlorine treated water.

The permeameters were designed to hold core samples v;hich were taken

from the test wells and furnished to the laboratory durinr; drilling n-- --"^tions

by the Manhattan Beach project, 'iiie core samples vjere sealed in paraffin

immediately on removal from the well and remained that way until they were

put into the permeameters for the test,.

Provisions were made for measuring the differential pressux-e acre;:

each permeameter and the flow through each permeameter, along l^rith the

temperature, pH, conductivity, and chlorine residual of the effluent water.



To deaerate the wate; «•> dllferent methods were trjed, Tte firct

was to boil for ten minutes then to condense and cool tne vjater, Tho

test apparatus (reference 1) for deaeratlon by boiling is shoim in

Figure 6,

The second m2thod, vfhich seemed to be more applicable for field

use, was to subject the v;ater to 29 inches of Hg vacuum vhile it vras

passing through the smcjJL capil'J ;::-\es of a filter. Tl-.e syzirzn ussd Tor

this tyve of deaeration is shown in Figure 6. The wiring dic^ram, "hich

shows th3 controls for operation of the system, is shcm in Figure 5^

A r.ore detailed description of the, vacuum deaeraticn systsn '.•i!!.l be

found in the appendix. Prelindntr^' tests by Lewis (refercnco 1) yielded

the data for vacuum deaeration and cxratlon rates shovm in Figure:; 17

and l8o Kis apparatus is shcm in Figure 16»

UEORATORY TESTS AND RESULTS

Chornical and Physical ProT)crties of the VJater

Chemical determinations have been made on three trater carcpls s

for the purpose of making ion br-lances and r.easuring pK and conductdviv;;!-*

Th3 results of these tests are shovm in Table 1,

Comatibility of VJaters

To determine whether incompatibility existed bst'.reen the IC-JB

water and the water from the formation, tests v;ere made using a v?.riet3'

of mixtures ranging from $% to 9S% I^-'ifD uatci-. There i-'as no evidsr.cs cf

flccculation or precipitation nor any noticeable deposits in the shori>

test period.



Bactoria in Silvgrado Fornation

Undisturbed core samples fl-ora the formation which vrerc dissected

in the laboratory under sterile conditions and plated on to petri-dlshes

of nutrient-agar showed considerable growth after 2li hours of incuba-

tion at 20^^ C. This seems to indicate that samples collected frcr. the

formation do contain dormant aerobic or facultative bacteria which will

develop under aerobic conditions when nutrient materials are present.

To determine whether bacteria are present in the bulk sample from v:g11

and in the water taken from the formation as well as the water used for

injection, nutrient agar plates were used and incubated at 20° C for 2h

to Ii8 hours. The results of this test show bacteria to be present in

all samples taken from the formation and from the viater as seen in the

following table.

Sample Bacterial growth on nutrient a^iar

I'Z-H) water Slight

V.'ater through disturbed sample Some

VJater ttoough A-lU core Some

Disturbed bulk sample from well Considerable

Core I-l lUl ft. depth Some
(after being removed from permsamstsr)

Core C-8 260 ft. depth
(after being removed from penteameter)

Core C-9 115 ft. depth Considorabls
(as removed from formation)

Samples from water in this test uure prepared by plating out one-tenth

cubic centimeter of liquid on the agar plates. For samples from the

cores, about 1 gram of the material was transferred to a 50 cc portion

of sterile v;ater vihich v/as shaten vigorously and then a small arcomit of

solution was trans feiTed to the agar plate.



No atten?)t has been made to specifically identify these organ-

isms though they appear to be Bacillus Subtilis and reptonjyces species,

the types commonly fotmd in air, soil and water. No tests vera made

for specific slime producing bacteria. The mere demonstration of the

presence of aerobic or facultative bacteria seemed sufficient to indi-

cate the need for treatment of the water to control the grovrth and pre-

vent the plugging of the well or aquifer.

Permeability of Core Samples

A list of the core saii5)les tested is given in Table 2. An atts.'npt

was made to test in each of the four groups a selection of samples repre-

sentative of the entire well field.

Data on the individual core samples are presented in Tables 3 to

20. As each core sample was put on the line, the permeability vjas msas-

ured several times during the first hour of operation, and then at pro-

gressively longer intervals as the permeability stabilised. Tests were

operated continuously except for occasional outages. The vertical

arrovjs on the curves indicate the outages. The extent of outages can

be found on the data sheets. In reporting the data, the accunralated

time is actual flow time (total time less outages). In four cases, per-

meabilities turned out to be so low that the tests were discontinued in

a few days^ when it became clear thiat there would be no improvement in

percolation. When these cores were removed, they showed heavy cross-

sections of impermeable clay which would account for the lack of flow.

For the remainder of the cores, the accumulated time ranged betv/een

500 and 5,000 hours.

The results are presented in two ways: (1) Permeability versus

accumulated time, and (2) "Permeability Ratio" (the ratio of the perme-



ability to tho initial permeability as measured during the first fev7

minutes of operation) versus accuimilated timsc On tho cixrves the

permeabilities (P) are expressed in feet of flow per day at unit

hydraulic gradient for water at 68° F. In accordance v;ith the forj"u~

lation used by 0. E. Meinzer (Reference 2, Page 208):

qlt
P s Tah

P = permeability, ft/day

q = quantity of vjater in cubic feat

1 = length of column in feot

t s correction for temperature

T = time in days

h - hoad in fest of water

a ^ cross-sectional area of col-jirv-i in
square feet

The permeability in feet per day may be converted to darcys as used in

oil field practice by multiplj-lng by 0.382,

Darcy's equation for permeability may be '..Titten as

P = Aap

P - permeability in darcys

U- = viscosity of t.'ator in ccntipoisos

q - quantity of v?ater in cubic centim3ter/ssc»

L - length of column in centimeterg

A => area of cross-section in square contimotorc

P = differential total pressure between the
inlet and outlet of colunn

The equation used for reducing the permeameter test data i-.'as obtained frorc



the above equation by substitution of appropriate unitt.:

p .Cat
Ah

P = penneability, ft/day for unit hjiiraulic head

B = a constant, depending in part on the dliien-

sions of the core samples

q = flow, cc/min.

t = ternperature corrt.-ction factor -Sae Figure 15.

h = differential head, cm. Hg.

Li order to test whether Darcy' s Equation for fla^r in porous nedia

is true for this formation, a flov: vs. head test v;as made on one core

(0-^4^21). The results in Figure 14 cover a range of differential head

from 5 to 25 cm Hg. The relation appears to be linear indicating that

Darcy' s Equation does hold. This suggests that Reynold's number was less

than 1 (Reference 2, p. 67.) It also Justified the practice of conserving

a limited v;ater supply to the "^^est setup by operating seme of the more

permeable cores at reduced heads; hoivever, there is reason to question

whether a few points taken late in the testing at heads below 2 cm Hg are

reliable.

Permeability vs. time curves for the four groups of core samples

(l-n-.T) water and K-ID plus chlorine and acid, Ml'JD plus chlorine, l-T:)D plus

acid and ITa'D deaerated) are presented in Figures 7 and 8, which illus-

trate the variations between initial permeabilities, the range being from

0.5 to 50 ft/day, the average being about 10 ft/day. After 240 hours of

operation the average penneability for each group v/as 2.5 feet per da;^

1 It may be noted that field penneabilities m.easured by the Los /Ingeles

County Flood Control District near their test v/ell ,77, as reported by
Laverty et al (Reference 3, PP. 18-19) and (after converting the values
from cubic ft. per sec. per square ft. to ft. per day) betv;een 1<,0 a:id

5.0 ft. per day v/ith an average value of about 2.5. Although the Los
/jigeles County Flood Control District tests v/ere some distance frca
the 2!anhattan Beach well field, they were in the same (Silverado)
aquifer. This seems to indicate close agreement between field and
laboratory v/ork.



for acid treated, 1.7 for chlorine treated, 0,2 for non-treated, and 1.0

for the deaerated. Permeability ratios are likevdse presented in Figures 9

and 10. In addition, the values of permeability ratio read from each of

the curves on each of the graphs at certain arbitraiy times were averaged,

resulting in an average permeability ratio curve for each of the groups,

•which is more easily interpreted; these curves are presented in Figure 11.

Each continuous curve represents a group of core samples and the point

symbols indicate the vfater treatment used. Groups I, II, and III Trere

used in the first run, and Groups I and III were continued in the second

run. In the third run. Group III was further continued and Group IV

started.

In the first run, the average permeability ratios decreased to

about O.li in two days, regardless of the '.vater treatment. In the untreated

group the decrease continued gradually until after a period of 12C0 hovirs

the ratio ras down to about 0,0h. In this same period, the acid treated

group and chlorine treated group ratios dropped, but more or less leveled

off at about 0,20. The deaerated group (of run 3) permeability ratio

dropped to 0.01 in the first two days. The combination of acid and

chlorine treatment on the groups previously treated vrith acid or chlorine

alone for lUOO hours indicated a substantial increase in the permeability

ratio from 0.2 to O.li,

2, Tests on v/ell #7 (Reference 3) using water from the Vfest Basin indicate
a decrease to about 30/^ after 1200 hours operation. This figure is not
exactly comparable to the laboratory'' results since this well had been
developed previously and the P value vras selected as the flo'/r after
two days of operation. Honeth§less the trend in permeability ratios
is similar to that found in laboratory tests.

10



After a lapse of six months a second run was starVji and Group I

was continued with no treatment for 2000 more hours. During this time

the Perr.sability Ratio dropped gradually from ,08 to 0«01« Kj'-drochlcric

acid plus chlorine was then used for about 1200 more hours. HCl sufficient

to change the pH from 8.U to i?.5 and CI2 to produce a 5 PP-^ CI2 rscidual

were introduced. After treatment, the peir-.sability ratio of this group in-

creased spectacularly and want as high as l.Ii, remaining above 0«.ij for at

least 1000 hours afterward. Group III, which had been trsatsd v;ith 5 ppn

of chlorine for about 1300 hours in the first run, was operated vith un-

treated water for about 2300 hours in the second run. After the first

500 hours, the ratio leveled off near O.OU where it rercainsd for tho dui'a-

tion of the run except for 3 brief experimental period of 2C0 hours whon

filtered-deaerated \fater was introduced. This treatmant sheared a slight

increase in Permeability Ratio to 0.05.

After another lapse of six months a third run iras started '.:ith

Group III and a new Group IV using filtered deaerated viater. Both of

these groups dropped fairly rapidly during the first IjCO hcnirs and thon

began to level off, though the downward trend continued until they were

shut off with values of Permeability Ratio going as low as O.Olo At ths

termination of this run, a 50 hour test with acid and chlorins T-ras tried

which showed a U to 5 fold increase in permeability ratio. This test

was not continued long enough to indicate whether the spectacular results

sho'.m with Group I could be duplicated.

EFFECT OF CHLORINATION

The treatment of feed water with chlorine, x:hich It a rccognir-cd

agent in vraiter works practice for the control of biological grc-.rth, shared

a significant increase in permeability vxhen it was used in Group II of r;m Ic

11



Although the K7D water chlorinated at the LaVerne VTater Treatment Plant

had a clilorine residual of about 1 ppm, by the time this water reached

Santa Monica, the chlorine residual had completely disappeared, Hovrever,

the chlorine demand for the water is low and dosage corresponds closely

with the residual obtained upon subsequent chlorination. Figure 12 indi-

cates the pH of the water following various dosages of chlorine in tho

laboratory. The results show chlorine residual vs pH,

EFTECT OF HYDROCHLORIC ACID

Acid treatment accomplishes a chemical change in the clays in tha

formation thereby causing them to be less tight and therefore less resist-

ant to the flow. The four cores in Group III were tested vriLth sufficient

acid to shift the pH to 5.5 and results of the test showed a significant

increase in permeability over the untreated cores in Group I, It was of

interest to determine the amount of hydrochloric acid needed to shift the

pH of MWD water to a particular value and so pH as a fxmction of quantity

of 36,7^ HCl was experimentally determined. Results are shov.'n in Figure 13,

(Commercial hydrochloric acid normally runs about 32^, so calculations for

large scale operations should be based on this figure,)

EFFECT OF ACID PLUS CHLORINE

Acid treatment and chlorine treatment increased the permeability

and since they operated on different mechanisms, it was reasoned

that the combination of acid and chlorine should increase the permeabil-

ity even more. To test this hypothesis, a l^O-hour experiment vras

performed on Groups II and III at the end of run 1, The permeability

ratios showed a substantial increase. In run 2, the spectclcular result

shovm in Figure 11 was obsejrved when acid and chlorine were applied to

12



Group I over a peri'jii of 200 hours. The average permeability of the

cores inc eased to l.h t.lmes the initial permeabilities .' However, the

subsequent decrease in the ratio indicates that the effect was non-perm-

anent but still very good for maintaining a high permeability ratio. Of

the various treatments tried, this one seemed to produce the best results.

It should be pointed out, however, tliat this treatment will prccuce a

water which will be corrosive to iron and steel and may cause difficultiec

if used over extended periods. Perhaps an intermittent treatment progTcr.

would be worth considering in wells where casings are not protected frcm

corrosive liq'iids.

EFFECT OF DEAERATION AND FILTRATION

The work done by Christiansen (Reference o) and Hall (Reference 9)

on the effect of air and sediment on percolation seemed to indicate that

an improvement in permeability might be found if filtered and deaerated

water was run through the cores. Deaerated and filtered water was used

for a short time on Group III during run 2 with no appreciable increase

in permeability. In nin 3, filtered, deaerated water was introduced into

Groups III and IV. Contrary to expected results, these cores showed a

decrease in permeability comparable to the cores of Group I r\ai with -un-

treatied water. The calculated permeability ratios for Group IV appear

to be below the values for Group I as seen in Figure 11. From the re-

sults of this test, one might conclude that filtered-deaerated water was

no better than raw water. One fact should be pointed out, however: dur-

ing the coiirse of run 3, the turbidity showed a measurable increase to

about 3 ppm and at one time a flocculent red precipitate was observed in

the deaerated water storage containers. There is some question now re-

13



garding the ability of the filter paper used in the base of the filter r.at

to maintain its strength under continuous saturation and high vacuum. Th3

nature of the turbidity in the storage containers was not investigated to

determine whether it cane from the filter paper or from the diatc-aceous

earth and asbestos filter pac ng. The effect of increased turbidity iray

have offset the advantageous effects of deaeration. Though no determina-

tions for air bubble size have been made, it nay be that air bubbles in

the water are sufficiently small to pass through the filters or core

samples at atmospheric pressure.

EFFECT OF REVERSAL OF FLCvil

Flov; reversal from the dovmward direction could accomplish three

things: it might allow entrapped air in the core to escape :rith the ef-

fluent water by virtue of buoyancy; it might permit small particles to be

suspended in the moving stream instead of settling out in the norr.zl case;

and it might wash out accumulations of firjs particles on the top surface

of the core sample and improve flow. The observation of no increase in

permeability by using deaerated water instead of raw water tends to dis-

count the first proposed theory. The results follo'.-rf.ng reversed flo-r

tests shows a substantial increase in permeability (Figure 9)o Sinco

the permeability decreased vd.th time alter the reversal of floiTj it ic

assumed that the second theory is improbable. The renaining e:;plano.-i.ion

is not disproved, but rather shovjs possibly t!:iat the flow reversal :.-arlio3

off the plugged surface layer of the inlet side of normal flci: and even-

tually causes plugging of the inlet surface iayer of the reversed flo-.r^

even though the turbidity of the water was lov; (less than-1 ppm most of

the time), A combination of the second and thii"d effects is possible©

lU



SUi-n-IARY AND CONCLUSIONS

Laboratory tests xssre performed to study the cffoctc of porcc-

Latins Kotropolitan Vfetsr District water into the merged Silverado fcrrx:-

tion in the Ilanhattan Beach well field. K/ID water v:as percolated through

undisturbed core cru-nplss. In addition to using the water as received

frcni the well field, four separate laboratory t reatrccnts ox tho x-:rater

supply were used: chlorination, acidification, chlorination plus acidi-

fication, and filtration plus deaeration, V/ith the exception of the

acid plus chlorine tr'.atment, there was an average reduction in the

pernsabilities to around UO^ of the initial value in aboi;:t $0 hours. Re-

ductions continued thereafter, the average values at 1200 hours being h%

(based on initial permeabilities) for the sanples percolated xdth the

regular water, and 1$% to 20^j for the rarplcs percolated with clilorir.s

and acid-traatsd vjaters. The filtered deaerated samples dropped te

IsEs than 1% in lOCO hours. Reversing the flow had the effect of tc~r-

rarily restoring a portion of the lost permeability on two canplc;; '.:itr.

untreated \:ater. A combination of acid and chlorine treatments shc.red

an effect of increasing permeabilities even on sajnplcs which had pre-

viously been treated vrith acid or chlorine alone.

The core samples tested using the regular vjater untreated were

subsequently tested with acid plus chlorine treated water which gave

spectacular results vd-th crjs sample shc-..*ing a gain of 30 timiiO the ini-

tial permeability. The data are now sufficient to choir that this in-

crease './ill be long terra if the water treatment tz cop.tinucui-«, 71-3 ef-

fect of shock treatment of high concentraiiionG of acid ar.d chlorine

have not been investigated but is thought to hold oromise.



Sons additional tests indicated the follo',ri.ng;

1, The I-r.;'D vratsr is not lncon:patible vrith the t-jater in

the aquifer.

2, Bacteria are present in the forration at d-op-ths of 150

feet. These bacteria appear to bo either aerobic or

facultative, and in a dormant state,

3, The native environr.ent in the aquifer is anaerobic,

U. A correlation bct-:een chlorine dosaso and pH e:dsts for

M'© v:ater; there iras a considerable scatter ancng the

points, but it can be said that a dosage of 50 to ICO

opn of chlorine '.:culd be necessary to brin^ K'.'D irater

to a pH of 5.5.

The tests indicate that ox'sr long periods of ti-e, difficulty r^y

bs encountered in naintainin^ the flow >d.th reasonable pressures of

K\T) T-xatcr through the Manhattan Beach v:ell field* Chlorine or c.eid treat-

ments would be beneficial, but chlorine plus acid treatment could be ec:°

pected to bs much more effective in maintaining the psrneabilit;/ of the

formation, according to tl'iese tests.

RSC0:.2.!EMDATIC::3

Before naking reccmmendations it seems important to look at the

objectives of injection of v.ater undergrourdo

It can bo seen from the equations for flovr of ivater in a porous msdirc:

(Reference 2, p. 375) that the quantity of Trater entering an aquifer th-rougl

a T.'sH depends on the permeability of the fonnation and the press-ore 'jr-adier

For any particular pressure distribution, the quantity of vator entering

16



depends on th3 permeability. It can be sho>m further that t!io shapo of tho

pressure mound surrounding the well will not be Influenced by the absolute

value of the panr.eability so long as the ratio of permeability to quantity

of T.'ater remains constant (Reference h)» Hovrever, the shape vrill be influ-

enced by nonimifonnities in permeability.

The production of a hydraulic barrier to inland movement of saline

v/aters is accomplished v^hen the hydraulic gradient along the shoreline is

seaTTard, Viliere recharge wells are used to produce this seavrard gradient,

the pressure mounds from adjacent wells should overlap so that there is no

point at v/hich the gradient remains landward. The spacing of recharge

wells is based on the considerations of permeability, flow, head, and mound

shape mentioned above.

The laboratory tests show that marked reduction in permeability dur-

ing the course of recharge operations may be expected. If such decreases

are greater near the injection surface (the inner face of the well) than

further back in the formation, the result may be the degeneration of the

pressure mound system to a sort of "picket fence" - isolated mounds vdth

high pressure gradients, with saline water flowing landvfard betv/een them.

The data seem to indicate that a considerable part of the total reduction

in permeability observed during the tests was of this local nature. In

theory the continuity of the barrier could be maintained in spite of this

effect by sufficiently increasing the pressure in the wells; however, if

nothing is done to prevent continued reduction in permeability, the pres-

sures required v/ould sooner or later reach impractical heights.

If, on the other hand, the permeability decrease should be nearly

uniform throughout the aquifer, the shapes of the individual mounds, and

hence the continuity of the barrier, could be maintainod without increasing

17



the t:5?-1 pressure* Such an extensive decrease v:ould cr.ur::; -r.o ir . cad in-

deed could result in material savings in the amcTint of '.."at or roquirod to

produce and maintain the barrier. In locations vhere the objective of a

recharge program is to naintain an effective barrier v,ith as little rrctcr

as possible, the investigation of means to promote an ejd>ensive decrease

in the penneability of the formation is indicated. There are several

possible vrays of accomplishing this, one of which is to create a d:,T?.—uic

barrier using a binary fluid system. It is suggested that this be consid-

ered for future work on an experimental basis, since it might produce

considerable saving in water.

For locations T,-here it appears desirable to increase flov/s of water

into injection wells aftei they reach a prohibitively low rate, it is

recommended that the v^ater be treated with chlorine and acid, Cilorine

alone may be sufficient under some circvunstances.

In addition to the foregoing, study should be undertaken to determine

the effects of recharging aquifers with sewage treatment plant effluents,

since this water resource for injection may be less expensive and more

readily available than other water. (A specific example would be the study

of the injection of Hyperion activated sludge plant effluent in the

Silverado formation.) If this were done laboratory studies to determine

compatibility of vfater and effect upon permeability of the formation and

the type of treatment required for maintaining flow should prove beneficial.

18
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RE-AERATION OF DE-AERATED QUIESCENT

37



DS-AERATION SYSTELI DESCRIPTION

De-Gsration of -rrater can be accomplished in several ^-ays: (l) by

boiling; (2) by diffusion, (3) by ultrasonic vibration (reference h)j or

hy combinations of (l), (2) and (3). The process enployed in this pro-

ject Tras diffusion of air through rater passing through the capillaries

of a filter under reduced pressure* Capillaries Trsre produced by packing

the filter (Sparser I-Ifr. Co. ibdel 8-3, stairAess steely Ij-plate vnlt)

trith type K-3 filter paper (having rag base) appro;;±:aately 8 inc in

diaiieter using asbestos and diatoraaceous earth Celite Super-cell preccat^

The cross-sectional area of the filter through vfhich the -rater floTred

(average flov; s 2C0 cc/min) was about 150 in and thiclciess of the pccl:-

ing and paper v-as about 0,2 in, T\rrbidity of rrater passing through the

filter was less than 1 ppm on the Si02 scale iseasured on the Eslligo

Turbidimeter using the $0 vm deep cell and dark filter. The effluent side

of the filter was maintained at vacuums from 27 to 29 in. Kg. The pressiir^

drop across the filter was about 1 in. Hg. The remaining pressure d5_ffer-

ence was across the inlet valve to the filter.

The equipaent employed for de-aaration and filtration is shoTm

diagramnatically In Figure h» J'T-'-'I) water vras stored in the reservoir on the

roof and flowed under a head of approximately 8 feet thj:'ough tho florrator

Into the de-aerator filter located in the laboratory. The water then

flowed along the sides of the effluent line from the filter into the in-

verted reservoir bottle which was maintained at the system vacuumo The

reservoir bottle v^as suspended from a spring which Tras elongated p: .-portior-

ately to the v;eight of \7ater in the bottle. A micro-sr.-itch was sctivated

by the spring elongation and tirrned the booster pump on and off

e
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From the ireservoir bottle the water flowed to the main centrifugal

pump located on the main floor 32 feet below the bottle. The 32 feet head

at the pump restored the water pressure to atmospheric and insured the

system against air leakage through the pump packing. Since the discharge

pressure of the pump was not sufficient to lift the water to the roof, a

centrifugal booster praip was installed at the laboratory level and utilized

to i^gulate the flow automatically by means of the micro-switch on the

reservoir bottle, A check valve above the booster pump prevented reverse

flow from the storage bottles into the system when the pump was not in oper-

ation. The flow to the three bottles on the roof was therefore intermittent

but with no consequence since exposure to air was prevented by the first two

bottles. The water to the cores was supplied from the first bottle, Except

for the time of occasional system shut-offs, the de-aerated water supply

rate was in excess of the water consumption rate of the corea and the excess

was returned to the reservoir tank.

Because of difficulties experienced in keeping the system in balanced

operation, a safety bottle and a magnetic valve were incorporated to prevent

water from backing up into the vacutim pump. If, for any reason, the v.'ater

filled the reservoir bottle and filter, the water flor.'ed into the safety

bottle until its weiglit elongated the spring enough to open the micro-srritch

which opened a relay circuit (Figure 5), The relay then shut off pov^er to

the main pump, booster pump, vacuum pump and the magnetic valve, which

isolated the vacuum pump from the rest of the system.

It was necessary to install silica gel drying canisters before the

vacuum pump to remove vrater vapor from the air vrhlch othervd.se would con-

dense in the pump. The silica gel had to be re-activated periodically.
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Table 1* Chemical and HTyalcal Properties of the Water^

PLACE OF SAMPLING

DATE OF SAMPLBTO

TURBIDITT, ppm SlOg

COLOR

ODOR

pH

ALKALINITY, total

HTDROXIDE, ppm CaCO

CARBONATES, ppm CaCO^

BICARBONATES, ppm CaCO.

ACIDITY, ppm CaCO-

DISSOLVED OXYGEN, ppm

DISSOLVED COg, ppm CO

SOLIDS, total ppm

SUSPENDED, ppm

DISSOLVED,ppm

CHLORIDES, ppm Cl

SULFATES, ppm SCk

CALCIUM, ppm CaCO

MAGNESIUM, ppm CaCO.

AMMONIA, ppm N

NITKATES, ppm K

NI'nilTES, ppm N

ORGANIC NITROGEN, ppm N

TOTAL NITROGEN, ppm N

POTASSIUM, pjaa K

SODIUM, ppm Na

PERCENTAGE SODIUM

CONDUCTIVITY, K x 10^

BORON, ppm B

PHOSPHATES, ppm POk

**Sauipl« poured undisturbed.

Well E-U

7-7-52

?0

20*»

NA

7.3

117

lOli

13

51,880

ll;8

51,532

17,800

2,508

1,160

i*,7liO

1,9

1.9

IhO

9,250

5,250

3.0

Well I-l
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Table 3» Group I, Permeameter Data

Well A~U4. Sample No. 13

Depth 163 Feet,
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TaLia U. Grx)Up III« Permeanieter Data
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Table 5» Group II, Permeameter Data

T7ell C-12| Sample No> 20

Depth 200 Feet.

Date

Tlmo
of
Day

Accumu-
lated
Tlsio

Flew
(cc/nin)

Tcsp.
Correc-
tion
Factor

Head
(cn.Kg)

TeTznz-

abilitv
(it/dEj)

P/P

23 Sopt
1952

2ii Sopt

25 Sopt

I61i5

1130
1130
Outage

18.75
U2.75

hours

22,0

11.9
10.8

.86

.95

.935

23.0

20.3
26.5

1.1-5

.985

.675

26 Sopt
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Table 6, Group IV, Permeareeter Data

WeU D, Sample No^ 28

«

Depth 198 Feet,

Time Accueu- Correc- Perr.e-
of lated FloTT tion Head ability P/P
Day Tine (cc/min) Factor (cm.Hg) (ft/day)

Start of Third Run - Water De-aerated and filtered

5 Ju3y 1750 90 .83 25o3: ^^S.S9 l.CO
195U

6 Jiviy 0900 15.2 85 .89 31.0
7 July 1000 kO 22.7 .oU 21..U
8 July 1655 71 8.2i ,77 23.8
9 J-oly 1710 9$ 8.0 .79 23.3

12 July 0900 157 3,5 .85 2u.3
13 Jiily 0900 183 3.0 .85 25.0
Hi July 1030 208 1.07 .84 2li.U
15 July I61i5 239 2.20 ,7k 25.2
16 July ll(:25 260 2.C0 ,77 26,2
17 July 15C0 265 1.80 .77 25.0
19 July 1650 335 1,27 .77 23
20 July 10X5 352 .50 ,80 23.1
21 July 1615 382 ,80 .8U 23.8
22 July 09li5 iiOO .91 .81i 26.1i
25 July 17C0 li79 .91 .83 26.2
29 July 09C-0 567 1.10 .83 27,5
30 July 1630 598 I.IO .77 25.6
3 Aug 11.30 692 .90 .85 26.1
h Aug 0930 712 ,50 ,88 27.U
5 Aug 0830 73U .liO .88 25.)|
9 Aug 1330 836_ ^_^_^ ^^^ 23 7

11 Aug IhSO Slk I33 191 2315
23.3
22.3
20.3

13 Aug 1700 935
16 Aug 0900 997
17 Aug OSOO 1022
18 Aug C9C0 IOU7
22 Aug 2100 1155
2ii Aug 2200 120U ^33 ^g 26lk

18 Aug C9C0 10U7 ,33 .96 2o!5
22 Aug 2100 1155 ,33 .86 22.9

it.60



Y^oll E-1, Sr-pl3 lb. 12,

Depth 158 FcGt .



Table 8. Group TV, Perr.aametcr Data

IToU F, S-nplo No> 16 ,

Depth Di9 Feet ,



Table 9* Group I, PeriTieanioter Data

Y^oll F, SaTiplo Ih, 2I4.

Depth 1$9 Feet ,
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Table 10. Grout? I, Permeameter Data

Well F-G, Sample No. 13,

Depth ihl Feet .

Tine Accumu- Correc- Perma-
of lated Flow tion Head ability P/?

Date Day Time (cc/rain) Factor (cm.Hg) (ft/day)

Hi Nov 0930 0.0 lai.O 1.10 27.7 3.29
1952

Ih Nov 0935 0.1 U8.0 1.10 27.7 3»59
lU Nov 09li0 0,2 1|6.0 1.10 27.7 3.^^
Hi Nov 1125 1.9 36.6 1.10 27.7 2,7k
lii Nov lIiU5 5.3 28.8 1.10 27.9 2.11-

Hi Nov 16U5 7.3 26.U 1.10 27.5 1.99
17 Nov 0910 71.7 6.26 1.16 26.0 .527
20 Nov 1000 Hili.O 6.69 1.05 28.7 ./i6l

21 Nov 1630 175 9.53 1.00 32.9 ,ShS
2li Nov 0900 239.5 5.06 1.18 30.5 .370
26 Nov lli30 293 3.76 1.09 28.3 .273
28 Nov 0900 335.5 2.93 1.23 27.7 .2u5
29 Nov 1300 363.5 3.19 1.06 27.9 .223
1 Dec 0830 li07 2.55 1.12 28.0 ,192
2 Dec 0600 li30.5 2.37 1.21 28.3 .191
U Dec 11015 U85.3 2.61i 1.00 32.3 .15U
5 Dec 1630 511 1.87 1.00 27.9 .126
5 Dec 1650 511.3 2.00 1.00 26.9 .HiO
5 Deo 1952 Shut off until July 10, 1953

10 July 1800 511.3 2.8 .79 27.0 .150
1953

11 July 1530 533 1.9 .80 27.6 .101
12 July 13liO SS^ 1.5 .79 28.3 .0765
13 July 0800 573 1.33 .79 26.0 ^0739
Hi July 0900 598 1,66 ,79 29 .0827
15 July llili5 628 1.53 .85 29.2 .o8l5
16 July 081i5 61i6 1.67 .85 28.5 .0911
17 July 0930 671 1.53 .85 28.1 .08U6
20 July 0800 7iil l.UO .89 27. U .0832
21 July 0930 767 l,)i6 .88 23.7 .O819
22 July 0900 790 1,36 .89 28.2 .0785
23 July 0915 8lli 1.50 ,88 29.9 .CCC-'
2li July 0900 838 l.UO .89 32.2 .07C8
27 July 0930 911 1,07 .88 36.3 o0U75
23 July 0930 9li5 I.60 .88 33.1i .0771
29 July 1000 969 I.60 ,88 35.3 cC730
30 July 0900 992 1.50 .83 32.3 .07i:8
31 July 1000 1007 1.60 .86 35.8 ,070^
3 Aug 0930 1079 1.12 .98 31.7 .0633
a Aug 1000 1103 1.20 .98 35.6 ,060li
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Table 11. Group IV« Permeameter Data

Well 0^1, Sample No. ih

Depth Da Feet

I'e.Tip.

Time Accumu- Corrcc- Perrae-

of lated Flow tion Head ability
Date Day Time (cc/min) Factor (cm.Hg) (ft/day)

P/Po

Start of third run - water de-aerated

28 June

195U
29 June

30 June
2 July

5 July
5 July
6 July

7 July
8 July
9 July

11 July
12 July
Hi July
15 July
16 July
17 July
19 July
20 July
21 July
22 July
25 July
26 July
28 July
29 July
30 July
3 Aug
U Aug
5 Aug
9 Aug

11 Aug
13 Aug
16 Aug
17 Aug
18 Aug
22 Aug

2k Aug

1000

0900
0830
0920
1712
1600
1625
0900
1000
1655
1710
0900
0900
1030
I6!i5

1U30
1U30
1650
1015
1615
09U5
1700
1700
1330
0900
1630
lli30

0930
0830
1330
li+30

1715
0900
0800
0900
2100
2200

208 .88 18.5 2I4.5 1.00

23.0
U6
9$

103
17U
17U.U
191
216

2U7
271
311
335
38U
Ul5
U37
I461

511
528
558
576
655
679
723
7U3
775
868
888
910

1036
1060
nil
1175
1198
1223
1331
1380

ks



Table 12. Group III, Ponne3.Tiater Data

Well G>-1. Sample No> 27

Depth 179 Feet.

Date

Time Accvmm-

of leted
Day Tine

Flovf

(cc/min)

Temp,
Correc-
tion
Factor

Hoed
(cm.Hg)

Porr.c-

abllity
(ft/day)

P/Fo

Oct 1952
Oct
Oct
Oct
Oct

8 Oct
8 Oct

9 Oct
10 Oct
10 Oct

11 Oct

n Oct
12 Oct

13 Oct

2h. Oct
16 Oct

17 Oct

20 Oct
21 Oct
22 Oct

23 Oct

2U Oct

27 Oct
28 Oct

29 Oct

30 Oct

31 Oct

5 Nov
6 Nov
7 Nov

09U8
095U
1000
Outage
1700
1030
1630
1630
Outage
1700
Outage
1300
Outage

I61i5

I61i5

0900
0900
0930
08U8
0900
0815
0915
0930
0912
0900
1000
0915
1120
1525
1630
3 Hour
0820
08U5
2 hovirs

1500
0910
1000
1630
0900
lli30

0900

0.1
0.?

9.7 hours
12
20
26

50
U.5 hours

6S
10 hours

75
10 hours

116
liiO

157
181

253
276
301
32U
3li9

1;21

hhS
1x69

h9h
517
639
667
692

outage

777
825

outage

85U
920

:993
1023
1088
llUl
118U

est.

est.

189
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Table 13. Group ii, Permeameter DaLa

VJell Q-x, Samplo No. 66 ,

Depth 194 Feet .

Time
of

Date Day

Accumu-
lated
Time

Flow
(oc/min)

Temp.
Correo-
tion
Factor

Head
(cm.Hg)

Perme-
ability
(ft/day)

P/P,

26 Sept
1952

26 Sept
26 Sept
26 Sept
28 - 29
29 Sept
30 Sept
1 Oct
Oct
Oct
Oct
Got

8 Oct
8 Oct
8-10

10 Oot
11 Oot

G8a6

3
6

7
7

13 Oct
14 Oot
15 Oct
16 Oot
16 Oct
17 Oct
20 Oct
21 Oct
22 Oot
23 Oot
24 Oct
27 Oct
28 Oct
29 Oot
30 Oot
31 Oct

6 Nov

6 Nov

7 Nov

11 Nov

0845 0.15
1136 2.85
1630 7,75

Sept Outage 10 hours
1630 oy.9
1545 93
1645 109
0900 158
1700 238
Outage 4.25 hours
1700 258
1000 275
1615 281

Oct. - Outage, 2 days
1700 282
1300 292
Outage 10 hrs. est.
1645 343
1646 367
0830 changed heed
0900 408
lOOO changed back
0900 432
0915 5(J4

0845 527
0848 552
0815 575
0915 600
0930 672
0912 696
0900 720
1000 745
0915 768
Outege 22 hours
1120 868
Outage 1,5 hours
1525 896
Outage 6 hours
1630 914
Outage 3 hours
0820 999

Started

119
121
112

est.
116
83
64
33,5
29

76.0
46.0
44,5

268
136

.96

.96

.96

.90

.90

.90

.96

.90

.89

.89

.89

.90

55 .95
65 .95

to 10 cm.Hg
20.6 ,99

to full head
50
39.3
40.0
37.1
38.6
33.8
28.8
25.8
26.0
25.4
22.4

30.0

38,3

56.5

24,6

,96
.99
.99
.96

1.00
.99

1.00
.975
.970
,970

loOO

.89

.69

.90

1.00

25.0
25.0
25.0

25.0
26.0
25.0
28.5
26.0

26.0
27.3
27.3

23.0

27.0
24.7

11.5

23.8
23.2
24.2
24o3
26.6
25.4
25.9
24.1
24.8
26.8
25,9

26.9

27.9

33.8

29.0

8.10
8.23
7.60

7.38
5.08
3.44
2.00
1.77

4.60
2,65
2.57

18.6

3.43
4.43

3.14

3.65
2.97
2.90
2.64
2.57
2.33
1.97
1.84
1.80
1.63
1.53

1,76

2.16

2.66

1.50

1-000
1.017
.940

,910
.626
.425
.247
.219

.669

.328

.317

2.30

.423

.546

.388

.450

.367

.356

.326

.318

.286

.243

.227

.222

.201

.169

.216

.267

.328

• 186

65



Tuble 15, pa^e 2



Dfto

10 Oct
1952

IJ Cct
10 Oct
iJ Oct
I'J Oct
Iti Oct
17 Oct
20 Oct
cl Oct
i;2 Oct
23 Oct
24 Oct
27 Oct
28 Oct
£9 Oct
.50 Oct
51 Oct
5 iiov

tJ l.'ov

7 Uov

11 J.ov

1.5 IIov

1-1
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Table lb. Group IV, Permeameter Data

Well G-4p bBjnple No» 26

Depth 219 Feet .

Date

Time
of
Day

A.ocumu-

leted
Time

Flow
(oo/min)

Temp,
Correc-
tion
Factor

Head
(cm.Hg)

perme-
ability
(ft/day)

P/P,

Stert of third run - water de-eerated and filtered

19 July
1954

19 July
20 July
21 July
22 July
25 July
28 July
Zd July
30 July
3 Aug
4 Aug
6 A\ig

9 Aug
11 Aug
13 Aug
It) Aug
17 Aug
18 Aug
22 Aug
24 Aug

1120 84 .77 19.5 8.30 1.00

1650
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Table 17. Group II, Permeameter Data
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Tabla 18« Group I» Permeameter Data

Well K;-12, Sample No. 23

Depth 318 Feet .

Date

Time
of
Day

Accumu-
lated
Time

Flair

(cc/min)

Temp.
Correc-
tion
Factor

Bead
(cm.Hg)

Perme-
ability
(ft/day)

P/Pr

12 Sept 1952
12 Sept

15 Sept
16 Sept

17 Sept
18 Sept
19 Sept
22 Sept

23 Sept

2h Sept

25 Sept

26 Sept

28 Sept
29 Sept

30 Sept
1 Oct

3 Oct
6 Oct

7 Oct

8 Oct

8 Oct

9 Oct
10 Oct
12 Oct

13 Oct

lii Oct
16 Oct

1? Oct

20 Oct
21 Oct
21 Oct
21 Oct
2? Oct

23 Oct

2h Oct

27 Oct
28 Oct

29 Oct

30 Oct

31 Oct

5 Nov
6 Nov

7 Nov

11 Nov

1200
IhOO
1015
0800
1100
1100
0930
0900
1130
1130
1130
Outage
lllf5

Outage
1630

15U5
I6I45

0900
1700
Outage
1015
1630
1700
1700
Outage
16145

16I45

0900
0930
0930
0900
1615
1630
0900
0830
0930
0930
0912
0900
1000
0915
1130
1530
1630
Outage
0830

2,0
70
92

119
1U3
165
237
263
287
311

2 hours

335
10 hours est.

U02
U25
ii50

1*91

571
U.25 hours

608
6lli

638
652

10 hrs. est*

72U.5
7U8
788
813
885
908
916,0
91li

920
95U
979

1051
107li

1098
1123
11U7
1269
1297
1322

3 hours
II4O7

173
160

8.6
lt.3

U.8
U.U
3.6
1.U5
1.2
.82

•93

1.02

5.8
2.3
1.U8
1.60
1.68

1.67
1.32
1.28
2.33

I.I4O

1.U5
1.29
1.25
0.8I4

loOO

.98

.98

.90

.92

.91

.90

.90
•88
.86

.9^
*9k

.96

.90

.90

.95

.96

.90

.89

.89

.90

.90

.95
•9S
.99
.98
,99
.99

Penneameter reconnected for
12,5
12.0
ll.b
10,9
12.5
12,U
12,8
13.3
12,7
II4.J1

13.9
16,0

11,9

76

.99

.975
00
.990

1.00
.975

.970
.970

1.00
.89
.89
.89

1,00

20.3
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Table 19 • Group II, Permeameter Data

Well L.1. Sample No. 20.

Depth 12U Feet,
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Table 20. Orotip I, PermefOTeter Data

Well t1-l8. S,-^ple No. 23

Depth 290 Feet .

Date

Time
of
Day

Accmnu-
lated
Time

Flow
(cc/riin)

Tsnp.
Correc-

tion
Factor

Head
(cn.Hg)

Perme-
ability
(ft/dpy)

PAn

11 Sept
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